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FIG. 4
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1
FILTERING AND CLUSTERING
CROWD-SOURCED DATA FOR
DETERMINING BEACON POSITIONS

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation of U.S. application Ser.
No. 13/185,520, filed Jul. 19, 2011, which is a continuation-
in-part of U.S. application Ser. No. 13/008,034, filed Jan. 18,
2011, the entirety of which are hereby incorporated by refer-
ence herein.

BACKGROUND

Some existing location services rely on crowd-sourced
data to deliver location information to requesting computing
devices such as mobile telephones. The existing systems,
however, assume that all the beacons are stationary. In prac-
tice, some of the beacons may move or be moving, which may
result in multiple probable locations for the beacon. Some
existing location services attempt to identify the multiple
probable locations for the beacon by performing a clustering
analysis on the crowd-sourced data. The clustering analyses,
however, become very complicated (e.g., time consuming
and computationally intensive) for beacons that have moved
more than once.

SUMMARY

Embodiments of the disclosure apply a clustering analysis
to a subset of positioned observations selected based on a
cluster start time to determine a position of a moved beacon.
A computing device selects one or more positioned observa-
tions from a plurality of positioned observations for a beacon.
Each of the selected positioned observations has a timestamp
associated therewith that is later than or equal to a cluster start
time associated with the beacon. The computing device
groups the selected positioned observations for the beacon
into a plurality of clusters based on spatial distance. One of
the plurality of clusters is selected based on the timestamps
associated with the positioned observations corresponding to
the clusters. A position is calculated for the beacon based on
the positioned observations corresponding to the selected
cluster. The cluster start time for the beacon is adjusted based
on the earliest timestamp associated with the positioned
observations corresponding to the selected cluster to remove
from subsequent consideration the positioned observations
associated with one or more prior positions of the beacon.

This Summary is provided to introduce a selection of con-
cepts in a simplified form that are further described below in
the Detailed Description. This Summary is not intended to
identify key features or essential features of the claimed sub-
ject matter, nor is it intended to be used as an aid in determin-
ing the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an exemplary block diagram illustrating a plural-
ity of mobile computing devices providing crowd-sourced
data to a cloud-based location service.

FIG. 2 1is an exemplary block diagram illustrating operation
of the location service to calculate beacon position informa-
tion.

FIG. 3 is an exemplary block diagram illustrating a com-
puting device with computer-executable components for
determining the position of a beacon using a clustering analy-
sis.
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FIG. 4 is an exemplary flow chart illustrating operation of
the computing device to group the positioned observations
into clusters for determining beacon position information.

FIG. 5 is an exemplary flow chart illustrating the identifi-
cation of a beacon as a moved beacon or a moving beacon
using a k-means clustering algorithm.

FIG. 6 is an exemplary block diagram illustrating three
moved beacon locations and earliest observation times for
each of the locations.

FIG. 7 is an exemplary flow chart illustrating operation of
a bootstrap process to identify a single cluster of positioned
observations for each beacon.

FIG. 8 is an exemplary map showing two clusters of posi-
tioned observations.

Corresponding reference characters indicate correspond-
ing parts throughout the drawings.

DETAILED DESCRIPTION

Referring to the figures, embodiments of the disclosure
successively filter and process positioned observations 204 to
simplify a clustering analysis to determine a current position
of'a beacon 104 that has moved multiple times. In particular,
a cluster start time 308 (or re-birth timer) is associated with
beacons 104 that have moved. The cluster start time 308 is
used to render obsolete, or otherwise exclude, the positioned
observations 204 involving the beacon 104 when the beacon
104 was in a prior position.

The clustering analysis clusters beacon positioned obser-
vations 204 based on distance and time to identify beacons
that have moved or are moving. In some embodiments, a
k-means clustering algorithm using spatial geographic dis-
tance as the partition dimension identifies logical clusters
each having a set of the positioned observations 204. In gen-
eral, the radii of the individual clusters are smaller than the
radius of a single cluster involving all the positioned obser-
vations 204. Further, the distance between the clusters is
larger than the radii of each cluster.

Based on timestamps associated with the positioned obser-
vations 204 in the clusters, identifying beacons that have
moved or moving enables more accurate position location
information to be calculated by eliminating outdated posi-
tioned observations 204 from the calculation. In some
embodiments, clusters having mutually exclusive sets of
positioned observations 204 indicate that the beacon has
moved. For example, all the observed dates in one cluster
precede the observed dates in the other cluster. In contrast,
clusters having positioned observations 204 with overlapping
dates indicate that the beacon is a moving beacon (e.g., Inter-
net access on public transportation).

By selecting a subset of the positioned observations 204 to
use as input to the clustering analysis, aspects of the disclo-
sure simplify the clustering analysis (e.g., reduce the cluster-
ing analysis to a two-clustering analysis).

Referring next to FIG. 1, an exemplary block diagram
illustrates a plurality of mobile computing devices 102 pro-
viding crowd-sourced data to a cloud-based location service
106. The plurality of mobile computing devices 102 include,
for example, mobile computing device #1 through mobile
computing device #N. In some embodiments, the mobile
computing devices 102 include a mobile telephone, laptop,
netbook, gaming device, and/or portable media player. The
mobile computing devices 102 may also include less portable
devices such as desktop personal computers, kiosks, and
tabletop devices. Additionally, each of the mobile computing
devices 102 may represent a group of processing units or
other computing devices.
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The mobile computing devices 102 observe or otherwise
detect one or more beacons 104 or other cell sites. The bea-
cons 104 represent network elements for connecting the
mobile computing devices 102 to other computing devices
and/or network elements. Exemplary beacons 104 include
cellular towers, base stations, base transceiver stations, base
station sites, and/or any other network elements supporting
any quantity and type of communication modes. Aspects of
the disclosure are operable with any beacon 104 supporting
any quantity and type of wireless and/or wired communica-
tion modes including cellular division multiple access
(CDMA), Global System for Mobile Communication
(GSM), wireless fidelity (WiF1), 4G/Wi-Max, and the like.

Each of the mobile computing devices 102 stores proper-
ties or dimensions for each observed beacon 104. In some
embodiments, exemplary properties include a latitude and
longitude of the observing mobile computing device (or other
description of the location of the mobile computing device),
and an observation time. Other exemplary properties are con-
templated, however. For example, other exemplary properties
include a signal strength, an access point name (APN), and a
destination device to which the mobile computing device 102
is connected or attempting to connect.

When the observations are collected, a first observed time
and a last observed time across the collected observations are
identified as described below. The first observed time and the
last observed time represent the earliest time and the most
recent time, respectively, that the mobile computing devices
102 observed the particular beacon 104. Each mobile com-
puting device 102, however, sends only one observation time
associated with observation of the beacon 104.

The mobile computing devices 102 send the properties as
positioned observations 204 to the location service 106 via a
network 108. The network 108 includes any means for com-
munication between the mobile computing devices 102 and
the location service 106.

While described in the context of the location service 106
receiving and processing the observations, aspects of the
disclosure contemplate other entities that receive and/or pro-
cess the positioned observations 204. The entities include, for
example, a cloud-based service, a server, and/or a peer device.
The functionality of the location service 106, as described
herein, may also be divided among one or more entities. For
example, one entity may collect the positioned observations
204 into a storage area for subsequent processing by the
location service 106. The positioned observations 204 may be
processed as they are received (e.g., in real time), or may be
stored for future processing (e.g., as a batch). In the example
of FIG. 1, the location service 106 performs the functionality
next described with reference to FIG. 2.

Referring next to FIG. 2, an exemplary block diagram
illustrates operation of the location service 106 to calculate
beacon position information. The location service 106
receives the positioned observations 204. In some embodi-
ments, receiving the positioned observations 204 includes
receiving, from a mobile computing device 102, a location of
the mobile computing device 102 along with a set of beacons
104 observed by the mobile computing device 102. The loca-
tion and set of beacons 104 may constitute a record represent-
ing crowd-sourced data obtained by the mobile computing
device 102.

The location service 106 calculates a position and associ-
ated error radius for each observed beacon 104 at 206 using
the positioned observations involving that beacon 104. In
some embodiments, the error radius represents a range for the
beacon 104. The error radius may be dependent on various
factors such as beacon type and/or signal strength. The error
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radius may correspond to, for example, a radius of a circle or
other shape (regular or irregular) representing a coverage area
for the beacon 104.

Based on the calculated position and error radius, the loca-
tion service 106 may conclude that the beacon 104 is possibly
amoved beacon or a moving beacon at 208 (e.g., see FIG. 5).
If the location service 106 makes such a conclusion, the
location service 106 selects positioned observations 204
involving the beacon 104 based on the cluster start times 308.
For example, the location service 106 selects only the posi-
tioned observations 204 that observed the beacon 104 and
have a timestamp 310 on or after the cluster start time 308. A
clustering analysis is performed at 212, and the position and
error radius are re-calculated at 213.

The cluster start time 308 is adjusted based on the results of
the clustering analysis. For example, the location service 106
may move the cluster start time 308 for the beacon 104
forward at 214 (e.g., to the earliest time associated with obser-
vation of the beacon 104 at its current or new location, as
described below).

At 210, the re-calculated position and error radius are
output as beacon position information.

In the example of FIG. 2, the location service 106 outputs
the beacon position information. In other examples, the loca-
tion service 106 may output other determinations such as
whether the beacon 104 has moved, whether the beacon 104
should be considered a moving beacon, a set of possible
locations for the beacon 104, and the subset of the positioned
observations 204 used in the clustering analysis.

Referring next to FIG. 3, an exemplary block diagram
illustrates one or more computing devices 302 with com-
puter-executable components for determining the position of
a beacon 104 using a clustering analysis. In some embodi-
ments, the computing devices 302 represent a cloud-based
location determination system such as location service 106
involving a group of processing units or other computing
devices. In general, the computing device 302 represents any
device executing instructions (e.g., as application programs,
operating system functionality, or both) to implement the
operations and functionality associated with the computing
device 302.

The computing device 302 has at least one processor 304
and a memory area 306. The processor 304 includes any
quantity of processing units, and is programmed to execute
computer-executable instructions for implementing aspects
of the disclosure. The instructions may be performed by the
processor 304 or by multiple processors executing within the
computing device 302, or performed by a processor external
to the computing device 302. In some embodiments, the
processor 304 is programmed to execute instructions such as
those illustrated in the figures (e.g., FIG. 4 and FIG. 5).

The computing device 302 further has one or more com-
puter-readable media such as the memory arca 306. The
memory area 306 includes any quantity of media associated
with or accessible by the computing device 302. The memory
area 306 may be internal to the computing device 302 (as
shown in FIG. 3), external to the computing device 302 (not
shown), or both (not shown).

The memory area 306 stores, among other data, a plurality
of the positioned observations 204 such as positioned obser-
vation #1 through positioned observation #M. Each of the
positioned observations 204 represents detection by a com-
puting device (e.g., mobile computing device) of at least one
beacon 104 at a particular time. Each of the positioned obser-
vations 204 includes a timestamp representing the time of
observation of the beacon 104 by the mobile computing
device 102.
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In some embodiments, the computing device 302 includes
anetwork interface card and/or computer-executable instruc-
tions (e.g., a driver) for operating the network interface card
to receive the positioned observations 204. In other embodi-
ments (not shown), the positioned observations 204 are stored
separate in a storage area from the computing device 302. In
such embodiments, the computing device 302 accesses the
storage area to process the positioned observations 204.

The memory area 306 also stores the cluster start time 308
for each of the beacons 104 included in at least one of the
positioned observations 204. In some embodiments, cluster
start times 308 are only associated with beacons 104 that have
moved. In other embodiments, cluster start times 308 are
associated with each of the beacons 104. Exemplary cluster
start times 308 include a cluster start time for beacon #1
through a cluster start time for beacon #P. The cluster start
time 308 may also be referred to as a re-birth timer or a
threshold time. As described herein, positioned observations
204 that include the beacon 104 and have a timestamp 310 on
or after the cluster start time 308 are included in a clustering
analysis. Similarly, positioned observations 204 that include
the beacon 104 and have a timestamp 310 preceding the
cluster start time 308 are excluded from the clustering analy-
sis.

The memory area 306 further stores at least one pre-de-
fined threshold radius 312. The pre-defined threshold radius
312 is used to determine whether a calculated error radius is
too large (e.g., see FIG. 5).

The memory area 306 further stores one or more computer-
executable components. Exemplary components include a
pre-processing component 313, a cluster component 314, a
filter component 316, a classification component 318, and a
refiner component 320. Operation of the computer-execut-
able components is described next with reference to FIG. 4.

Referring next to FIG. 4, an exemplary flow chart illus-
trates operation of the computing device 302 to group the
positioned observations 204 into clusters for determining
beacon position information. The operations illustrated in
FIG. 4 are performed when the computing device 302 con-
cludes that the beacon 104 has not been stationary. For
example, the beacon 104 may have moved, or is moving. In
some embodiments, the computing device 302 filters the
positioned observations 204 to obtain a set of positioned
observations 204 where each of the positioned observations
204 in the set includes the beacon 104 of interest. The com-
puting device 302 calculates a position and error radius for the
beacon 104 using location determination algorithms with the
set of positioned observations 204 as input. The error radius is
compared to a pre-defined threshold radius 312, where the
pre-defined threshold radius 312 is based on factors such as,
but not limited to, the type of beacon 104 and/or historical
data. For example, the pre-defined threshold radius 312 for a
WiFi beacon may be 500 meters, while the pre-defined
threshold radius 312 fora GSM beacon may be 10 kilometers.

If'the error radius does not violate the pre-defined threshold
radius 312 (e.g., is less than the pre-defined threshold radius
312), the computing device 302 outputs the calculated posi-
tion and error radius as the beacon position information and
does not perform the operations illustrated in FIG. 4. If the
error radius violates the pre-defined threshold radius 312
(e.g., exceeds the pre-defined threshold radius 312), the com-
puting device 302 performs the operations in FIG. 4 as next
described to calculated a revised position for the beacon 104.

The computing device 302 (e.g., a cloud-based service)
accesses or receives the positioned observations 204 for one
of the beacons 104. In some embodiments, the computing
device 302 filters or otherwise searches the positioned obser-
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vations 204 to obtain the positioned observations 204 relating
to a particular beacon 104 of interest.

At 401, the computing device 302 selects one or more of
the positioned observations 204 for the beacon 104 of interest
thereby creating a subset of the positioned observations 204.
For example, the computing device 302 selects only the posi-
tioned observations 204 having a timestamp 310 on or after
the cluster start time 308 associated with the beacon 104 of
interest. As a result, each of the selected positioned observa-
tions 204 in the subset of the positioned observations 204 has
a timestamp 310 associated therewith that is later than or
equal to the cluster start time 308 associated with the beacon
104. Selecting the positioned observations 204 may include
the computing device 302 explicitly identifying the posi-
tioned observations 204 having a timestamp 310 earlier than
the cluster start time 308. In other embodiments, the posi-
tioned observations 204 having a timestamp 310 earlier than
the cluster start time 308 are identified by another entity (e.g.,
a third party cloud service).

At 402, the computing device 302 groups the selected
positioned observations 204 for the beacon 104 into a plural-
ity of clusters based on spatial distance. In some embodi-
ments, the computing device 302 performs a k-means clus-
tering analysis using spatial distance as the partition
dimension. For example, the spatial distance is the error
radius of beacon position information determined for each
cluster during execution of the k-means algorithm. Execution
of an exemplary k-means algorithm is described below with
reference to FIG. 5. Aspects of the disclosure are operable,
however, with any k-means algorithm or algorithm derived
therefrom as known in the art.

Each of the clusters determined at 402 have properties
including, for example, one or more of the following: a bea-
con identifier, a cluster number, a determined location and
error radius of the beacon 104 using the positioned observa-
tions 204 associated with the cluster, a maximum time stamp
associated with the positioned observations 204 associated
with the cluster, and a minimum time stamp associated with
the positioned observations 204 associated with the cluster.
Aspects of the disclosure are operable, however, with addi-
tional or fewer properties.

At 404, the computing device 302 selects one of the clus-
ters based on the timestamps associated with each of the
grouped positioned observations 204. In some embodiments,
the timestamps associated with the positioned observations
204 for one of the clusters is compared with the timestamps
associated with the positioned observations 204 for another
cluster. For example, the cluster having positioned observa-
tions 204 with the most recent timestamps is selected.

Based on the timestamp comparisons, aspects of the dis-
closure can determine if the beacon 104 is a “moved beacon.”
For example, if the timestamps associated with the positioned
observations 204 in a first cluster are mutually exclusive to the
timestamps associated with the positioned observations 204
in a second cluster (or the rest of the clusters), then the
computing device 302 concludes that the beacon 104 has
moved (e.g., between the first and second clusters). In this
example, the cluster having positioned observations 204 with
the most recent timestamps indicates the current position of
the beacon 104, and is hence selected.

Aspects of the disclosure may also determine if'the beacon
104 is a “moving beacon.” For example, if the computing
device 302 concludes that more than one cluster exists yet the
timestamps associated with the positioned observations 204
for the clusters are not mutually exclusive (e.g., there is over-
lap between the positioned observations 204 for the clusters
in time), then the computing device 302 concludes that the
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beacon 104 is moving. In this example, the cluster having
positioned observations 204 with the most recent timestamps
indicates the current position of the beacon 104, and is hence
selected.

At 406, the computing device 302 calculates a position for
the beacon 104 based on the positioned observations 204
corresponding to the selected cluster (e.g., the new position of
the beacon). At 408, the computing device 302 adjusts the
cluster start time 308 for the beacon 104 to the earliest times-
tamp 310 associated with the positioned observations 204
corresponding to the selected cluster. Aspects of the disclo-
sure contemplate a configurable amount of tolerance regard-
ing adjustment of the cluster start time 308 (e.g., +/-10%)
based on, for example, the particular clustering analysis per-
formed and/or empirical observation of performance of the
operations in FIG. 4. When the computing device 302 re-
performs the operations illustrated in FIG. 4 (e.g., the next
day), the positioned observations 204 having a timestamp 310
earlier than the adjusted cluster start time 308 are excluded
from the clustering analysis because of the comparison
between the adjusted cluster start time 308 and the times-
tamps 310. In this manner, the computing device 302 effec-
tively removes, from subsequent consideration, the posi-
tioned observations 204 associated with one or more prior
positions of the beacon 104.

Alternatively or in addition to adjusting the cluster start
time 308 and the selecting (e.g., filtering) the positioned
observations 204 based on a subsequent comparison between
timestamps 310 and the adjusted cluster start time 308, the
computing device 302 may remove the positioned observa-
tions 204 associated with the prior positions ofthe beacon 104
from a subsequent clustering analysis by deleting these posi-
tioned observations 204 from the memory area 306 or other
storage area, by identifying these positioned observations 204
as being associated with a prior position of the beacon 104
(e.g., setting or unsetting a flag associated with each of the
positioned observations 204), and/or by moving these posi-
tioned observations 204 from one portion of the memory area
306 to another portion of the memory area 306. As such, the
computing device 302 limits subsequent analysis to only the
positioned observations 204 having a timestamp 310 later
than the cluster start time 308.

In some embodiments, the computer-executable compo-
nents illustrated in FIG. 3 perform the operations, or portions
thereof, illustrated in FIG. 4. The pre-processing component
313, when executed by the processor 304, causes the proces-
sor 304 to select one or more of the positioned observations
204 from the plurality of positioned observations 204 for the
beacon 104 of interest. Each of the selected positioned obser-
vations 204 has a timestamp 310 associated therewith that is
later than or equal to the cluster start time 308 associated with
the beacon 104.

The cluster component 314, when executed by the proces-
sor 304, causes the processor 304 to group the positioned
observations 204 selected by the pre-processing component
313 into the plurality of clusters based on spatial distance
(e.g., the error radius). For example, the cluster component
314 groups the selected positioned observations 204 into two
clusters. Each of the two clusters has an initial observation
time based on the earliest timestamp 310 associated with the
positioned observations 204 involving the beacons 104 in the
clusters.

The filter component 316, when executed by the processor
304, causes the processor 304 to analyze the timestamps
associated with the positioned observations 204 correspond-
ing to the clusters from the cluster component 314 to deter-
mine whether the timestamps associated with each cluster
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overlap with timestamps associated with any of the other
clusters. The classification component 318, when executed by
the processor 304, causes the processor 304 to define the
beacon 104 as a moved beacon or a moving beacon based on
the comparison performed by the filter component 316.

The refiner component 320, when executed by the proces-
sor 304, causes the processor 304 to calculate a position for
the beacon 104 based on the positioned observations 204
corresponding to the cluster having the later initial observa-
tion time.

The pre-processing component 313 also adjusts the cluster
start time 308 for the beacon 104 based on the earliest times-
tamp 310 associated with the positioned observations 204
corresponding to the cluster having the later initial observa-
tion time. As described above, this is one of a plurality of ways
contemplated by aspects of the disclosure for removing, from
subsequent consideration, the positioned observations 204
associated with a prior position of the beacon 104.

In some embodiments, the pre-processing component 313,
the cluster component 314, the filter component 316, the
classification component 318, and the refiner component 320
are executed iteratively or otherwise repeatedly (e.g., daily)
by a cloud-based service. The components may be executed,
however, at any interval (e.g., every couple of hours, every
couple of days, once a week, once a month, etc).

Referring next to FIG. 5, an exemplary flow chart illus-
trates the identification of a beacon 104 as a moved beacon or
a moving beacon using a k-means clustering algorithm. Each
of the mobile computing devices 102 creates a record identi-
fying a beacon 104 observed by the mobile computing device
102 while the mobile computing device 102 is at a particular
location at a particular time. For example, eachrecord R ,,
includes the following fields: o

b, : beacon identifier (e.g. WiFi media access control

address, mobile country code, mobile operator code,
location area code, and/or cell identifier)

t;: timestamp (e.g. in coordinated universal time) location (

R, .):thelocation of the mobile computing device 102
(e.g:.,jas planetary coordinates including a latitude and
longitude as determined by a global positioning system,
or a signature of location such as a list of cellular towers)

The records may include more or less information. For
example, the timestamp may be expanded to include a first
observed time (e.g., the earliest observed time) and a last
observed time (e.g., the most recent observed time). The
records are collected from the plurality of mobile computing
devices 102 and processed to create a set of observations
representing the crowd-sourced data. For example, the
mobile computing devices 102 send the records to a server
such as computing device 302. The server, or another com-
puting device separate from the server, may create the set of
observations. In some embodiments, each of the observations
has the following factors, properties, or dimensions: a latitude
and longitude (of the observing mobile computing device),
first observed time, and last observed time.

At 502, the server receives or accesses the set of observa-
tions relating to a beacon B. At 504, the server calculates the
probable position of the beacon B using the set of observa-
tions. The server calculates the probable position of the bea-
con B based on the crowd-sourced data using a location
determination algorithm such as known in the art. The output
of'the location determination algorithm is a probable position
P that, in some embodiments, includes the following factor,
properties, or dimensions: latitude and longitude (of the bea-
con B), an error radius, a first observed time and a last
observed time. For example, the location determination algo-
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rithm computes position P, based on all records R ,,_ 5 for
beacon i. In some embodiments, the position P, is composed
of the following fields:

b, : beacon identifier (e.g. WiFi media access control
address, mobile country code, mobile operator code,
location area code, and/or cell identifier)

location(P, ): location of the beacon (e.g. as planetary coor-
dinates irlcluding a latitude and longitude)

radius(P, ): radius of the beacon

The server compares the determined error radius with the
pre-defined threshold radius 312. In the example of FIG. 5,
the pre-defined threshold radius 312 is a function of beacon
type. As such, the pre-defined threshold radius 312 is
obtained by the function call RadiusThreshold(BeaconType
(B)). If the error radius is less than a pre-defined threshold
radius 312 at 506, then the server publishes P as the position
for beacon B at 508. If the error radius is greater than the
pre-defined threshold radius 312 at 506, the server applies a
k-means clustering algorithm on the set of observations at
510. For example, if radius(P,)>R, . where R,, is the pre-
defined threshold radius 312 for the beacon type associated
with beacon B, the server considers the beacon to be either a
moved beacon or a moving beacon. As such, the beacon B is
a candidate for clustering.

The k-means clustering algorithm produces a set of K
clusters each having a position and a set of observations. The
k-means algorithm starts with K=2 and the geographic dis-
tance between each observation position (e.g., latitude and
longitude) and the cluster centroid as the dimension. For
example, the server applies the k-means clustering algorithm
onall record R ,,_ ; for beacon i to compute the clusters C ;. 5,
for beacon i. In some embodiments, each cluster C 2, b 18
composed of the following fields:

b,: beacon identifier (e.g. WiFi media access control
address, mobile country code, mobile operator code,
location area code, and/or cell identifier)

I: the cluster number

location(C; ,): location of the beacon (e.g. as planetary
coordinates including a latitude and longitude)

radius(C , ,): radius of the beacon

Gy, - the maximum time stamp of all R, 4 inC, ,

Gyyi, 7+ the minimum time stamp of all R 4 inC 2 5,

If the error radius for any of the clusters is greater than the
pre-defined threshold radius 312 at 512, then K is increased
by one at 516 (so long as K is not greater than or equal to the
maximum value at 514). If K is greater than or equal to the
maximum value for K at 514, then the process ends at 518 as
an accurate position for beacon B cannot be determined For
example, radius(C, ,)>R, means that all records R, : for
beacon i do not form k clusters, and k should be increased by
one. Operations 510, 512, 514, and 516 are repeated until all
records R, for beaconr form k clusters (e.g., either radius(

Z b; )<Rk or 1(<kma)c)

If the error radius for each cluster is less than or equal to
pre-defined threshold radius 312 at 512, the server selects the
cluster with the most recent timestamp at 520. For example,
the server finds the C, , that has the maximum t,,,, ;.

The server proceeds to examine the timestamps associated
with each of the clusters to determine whether any overlap
exists in time (e.g., whether K cohesive clusters were
formed). For example, the server compares the timestamp
range of the selected cluster with the timestamp ranges of the
other clusters. If there is no overlap at 522, the server con-
cludes that beacon B is a moved beacon at 524. The server
publishes the position of the selected cluster as the current
position of beacon B. If there is overlap in the timestamp
ranges at 522, the server concludes that beacon B is a moving
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beacon at 526. The server publishes the position of the
selected cluster as the most recent position of beacon B.

For example, suppose the selected cluster number is m.
The server compares t,,,, ,, with all t, ., where I<>m. If
Yorcx, Ui, m=1 overiaps Where T, is a predefined param-
eter, the server publishes location(C,,, ,) as the location for
beacon b,. Otherwise, the server considers the beacon to be a
moving beacon.

Referring next to FIG. 6, an exemplary block diagram
illustrates three moved beacon locations and earliest obser-
vation times for each of the locations. Locations C1, C2, and
C3 represent different, successive locations of the beacon 104
over time. Times t1, t2, and t3 represent times of the earliest
positioned observations 204 captured for the beacon 104 at
each of the three locations C1, C2, and C3, respectively. Inthe
example of FIG. 6, initialization or bootstrap operations are
performed on or about time t1 to identify current location C1
for the beacon 104.

The operations described and illustrated with reference to
FIG. 4 and FIG. 5 are performed periodically over time to
determine whether the current location of the beacon 104 has
changed. For example, after positioned observations 204
beginto be received around time t2, two-clustering operations
are performed to determine that the beacon 104 has moved
from location C1 to location C2. Similarly, after positioned
observations 204 begin to be received around time t3, the
two-clustering operations are performed to determine that the
beacon 104 has moved from location C2 to location C3.

Execution of the initialization or bootstrap operations is
next described.

Referring next to FIG. 7, an exemplary flow chart illus-
trates operation of a bootstrap process to identify a single
cluster of positioned observations 204 for each beacon 104.
The bootstrap process is performed by the location service
106 and/or the computing device 302 to parse through a set of
positioned observations 204 to identify a current location of
the beacon 104. In general, the positioned observations 204
are divided into a plurality of time periods based on the
associated timestamps 310. The location service 106 succes-
sively or iteratively advances through each of the time periods
in sequence processing the positioned observations 204 hav-
ing timestamps 310 therein (e.g., performing one or more of
the operations illustrated in FIG. 4). By narrowing the range
of positioned observations 204, the location service 106
attempts to simplify the clustering algorithm to a two-clus-
tering analysis.

A value of N days is chosen at 702 (e.g., by the location
service 106) such that the beacon 104 is not likely to have
moved more than twice during the defined time period. A time
period of N days is defined at 703 starting with the earliest
observation date of the beacon 104 in the current cluster. In
some embodiments, a refiner clock associated with the loca-
tion service 106 is set based on the defined time period. This
enables the clustering analysis to be simplified to a two-
clustering analysis. The two-clustering analysis is performed
at 704 using the positioned observations 204 having times-
tamps 310 within the defined time period.

At 705, if the two-clustering analysis determines that the
beacon 104 has moved to a new location, the cluster start time
308 for the beacon 104 is moved forward at 706 to (e.g., or
created to be) the time of the earliest timestamp 310 associ-
ated with a positioned observation 204 involving the beacon
104 at the new location.

If the current time has been reached at 710, the bootstrap
process ends. Otherwise, the location service 106 advances
the time period to include the next N days (e.g., the refiner
clock advances to the next time period) at 712. If the cluster
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start time 308 was moved forward at 706, the time period is
advanced to include the next N days (e.g., the moved cluster
start time 308 plus N days). If the cluster start time 308 was
not moved forward, the time period is still advanced by N
(e.g., time period end time plus N).

In an example, if the initial cluster start time is t and N is 10,
the initial time period covers t to t+10. After performing the
two-clustering algorithm at 704, if the beacon did not move,
then the time period is set to covert to t+20 in the next iteration
0f 704. However, if the beacon did move and the new beacon
cluster start time is t+5, then the time period is set to cover t+5
to t+15 inthe next iteration of 704. Alternatively, if the beacon
did move, the time period may be setto covert+5to t+20 (e.g.,
advance the time period end time by N).

In this manner, another set of positioned observations 204
are then processed at 704.

In some embodiments, the time period is advanced at 712
to cover the next N days (e.g., to identify the positioned
observations 204 associated with the next N days), where N is
the same value as the previous N. In other embodiments, the
value of N may change from time period to time period (e.g.,
the first time period may be a week, while the second time
period or a subsequent time period may be a couple of days or
a month). For example, the value of N may change based on
the quantity of positioned observations 204 available and/or
an error radius associated with a calculated position of the
beacon 104 during the defined time period. In such embodi-
ments, N is incremented at 712 by the new value of N.

The operations illustrated and described with reference to
FIG.7 apply the two-clustering analysis to positioned obser-
vations 204 selected incrementally over time until the current
time is reached. In other embodiments, the k-means cluster-
ing algorithm such as shown in FIG. 5 is used to perform the
bootstrapping function. In such embodiments, all the posi-
tioned observations 204 through the current time are input to
the k-means clustering algorithm. The value ofk is increased
until the latest or current cluster is identified (e.g., operations
510, 512, 514, and 516 in FIG. 5 are performed).

Referring next to FIG. 8, an exemplary block diagram
illustrates a map 802 showing two clusters of positioned
observations for a particular beacon. In this example, there
are two clusters. In Cluster 1, the first observed date is Apr. 14,
2010, the last observed date is May 18, 2010, there are 111
observations associated with the beacon, and the beacon was
observed for 6 days. In Cluster 2, the first observed date is
Sep. 8, 2009, the last observed date is Mar. 27, 2010, there are
3195 observations associated with the beacon, and the beacon
was observed for 50 days.

In the example of FIG. 8, the clustering algorithm identifies
Cluster 1 and Cluster 2 as cohesive, mutually exclusive clus-
ters because the timestamps associated with the observations
do not overlap. As such, the result of applying the operations
on FIG. 5 is that the beacon has moved once and is presently
located at the position of Cluster 1 at least because Cluster 1
has the latest observations.

ADDITIONAL EXAMPLES

Some embodiments of the disclosure contemplate three-
dimensional movement. For example, aspects of the disclo-
sure operate to identify changes in elevation for a beacon 104
(e.g., the beacon 104 changed floors in an office building). In
such embodiments, the position information is three-dimen-
sional. For example, the position information includes not
only latitude and longitude values, but also an elevation or
altitude value.
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At least a portion of the functionality of the various ele-
ments in FIG. 3 may be performed by other elements in FI1G.
3, or an entity (e.g., processor, web service, server, applica-
tion program, computing device, etc.) not shown in FIG. 3.

In some embodiments, the operations illustrated in FIG. 4
and/or FIG. 5 may be implemented as software instructions
encoded on a computer-readable medium, in hardware pro-
grammed or designed to perform the operations, or both. For
example, aspects of the disclosure may be implemented as a
system on a chip.

While no personally identifiable information is tracked by
aspects of the disclosure, embodiments have been described
with reference to data monitored and/or collected from users.
In such embodiments, notice is provided to the users of the
collection of the data (e.g., via a dialog box or preference
setting) and users are given the opportunity to give or deny
consent for the monitoring and/or collection. The consent
may take the form of opt-in consent or opt-out consent.
Exemplary Operating Environment

Exemplary computer readable media include flash
memory drives, digital versatile discs (DVDs), compact discs
(CDs), floppy disks, and tape cassettes. By way of example
and not limitation, computer readable media comprise com-
puter storage media and communication media. Computer
storage media store information such as computer readable
instructions, data structures, program modules or other data.
Computer storage media exclude propagated data signals.
Communication media typically embody computer readable
instructions, data structures, program modules, or other data
in a modulated data signal such as a carrier wave or other
transport mechanism and include any information delivery
media. Combinations of any of the above are also included
within the scope of computer readable media.

Although described in connection with an exemplary com-
puting system environment, embodiments of the invention
are operational with numerous other general purpose or spe-
cial purpose computing system environments or configura-
tions. Examples of well known computing systems, environ-
ments, and/or configurations that may be suitable for use with
aspects of the invention include, but are not limited to, mobile
computing devices, personal computers, server computers,
hand-held or laptop devices, multiprocessor systems, gaming
consoles, microprocessor-based systems, set top boxes, pro-
grammable consumer electronics, mobile telephones, net-
work PCs, minicomputers, mainframe computers, distributed
computing environments that include any of the above sys-
tems or devices, and the like.

Embodiments of the invention may be described in the
general context of computer-executable instructions, such as
program modules, executed by one or more computers or
other devices. The computer-executable instructions may be
organized into one or more computer-executable components
or modules. Generally, program modules include, but are not
limited to, routines, programs, objects, components, and data
structures that perform particular tasks or implement particu-
lar abstract data types. Aspects of the invention may be imple-
mented with any number and organization of such compo-
nents or modules. For example, aspects of the invention are
not limited to the specific computer-executable instructions
or the specific components or modules illustrated in the fig-
ures and described herein. Other embodiments of the inven-
tion may include different computer-executable instructions
or components having more or less functionality than illus-
trated and described herein.

Aspects of the invention transform a general-purpose com-
puter into a special-purpose computing device when config-
ured to execute the instructions described herein.
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The embodiments illustrated and described herein as well
as embodiments not specifically described herein but within
the scope of aspects of the invention constitute exemplary
means for using the cluster start time 308 to omit positioned
observations 204 associated with one or more prior positions
of the beacon 104 from a k-means clustering analysis to
determine the revised position of the beacon 104, and exem-
plary means for performing a k-means clustering analysis
using a selected subset of the positioned observations 204 to
determine the position of the beacon 104 that has changed
position at least two times.

The order of execution or performance of the operations in
embodiments of the invention illustrated and described herein
is not essential, unless otherwise specified. That is, the opera-
tions may be performed in any order, unless otherwise speci-
fied, and embodiments of the invention may include addi-
tional or fewer operations than those disclosed herein. For
example, it is contemplated that executing or performing a
particular operation before, contemporaneously with, or after
another operation is within the scope of aspects of the inven-
tion.

When introducing elements of aspects of the invention or
the embodiments thereof, the articles “a,” “an,” “the,” and
“said” are intended to mean that there are one or more of the
elements. The terms “comprising,” “including,” and “having”
are intended to be inclusive and mean that there may be
additional elements other than the listed elements.

Having described aspects of the invention in detail, it will
be apparent that modifications and variations are possible
without departing from the scope of aspects of the invention
as defined in the appended claims. As various changes could
be made in the above constructions, products, and methods
without departing from the scope of aspects of the invention,
it is intended that all matter contained in the above description
and shown in the accompanying drawings shall be interpreted
as illustrative and not in a limiting sense.

What is claimed is:

1. A system for applying a clustering analysis to a subset of
positioned observations to identify a change in at least an
elevation of a beacon, said system comprising:

a memory area associated with a computing device, said
memory area storing a plurality of positioned observa-
tions for a beacon, each of said positioned observations
having a timestamp and an altitude value associated
therewith, said beacon having a cluster start time asso-
ciated therewith; and

a processor programmed to:
select, from the memory area, one or more of the posi-

tioned observations having a timestamp later than or
equal to the cluster start time;
determine, for the beacon, a three dimensional position
and associated error radius based on the selected posi-
tioned observations;
compare the determined error radius with a pre-defined
threshold radius; and
based on the comparison, calculate a revised three-di-
mensional position for the beacon to identify a change
in at least an elevation of the beacon by:
grouping the selected positioned observations into a
plurality of clusters based at least on the altitude
values;
selecting one of the plurality of clusters based on the
timestamps; and
determining the revised three-dimensional position
for the beacon based on the positioned observations
corresponding to the selected cluster.
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2. The system of claim 1, wherein the processor is further
programmed to:

adjust, in the memory area, the cluster start time for the

beacon based on an earliest timestamp associated with
the positioned observations corresponding to the
selected cluster; and

remove from subsequent consideration the positioned

observations having timestamps earlier than the
adjusted cluster start time.
3. The system of claim 1, wherein the revised three-dimen-
sional position for the beacon includes a revision to only the
altitude value of the beacon.
4. The system of claim 1, wherein the processor is pro-
grammed to calculate the revised three-dimensional position
if the determined error radius exceeds the pre-defined radius.
5. The system of claim 1, wherein the plurality of posi-
tioned observations comprise crowd-sourced records each
identifying one or more beacons observed by one of a plural-
ity of mobile computing devices.
6. The system of claim 1, wherein the error radius is based
on a type or signal strength of the beacon.
7. The system of claim 1, wherein selecting one of the
plurality of clusters based on the timestamps comprises
selecting the cluster having a later initial observation time.
8. A method comprising:
grouping, by a computing device, a plurality of positioned
observations for a beacon into a plurality of clusters
based on a spatial distance, each positioned observation
having a timestamp associated therewith, each cluster
having positioned observations within a timestamp
range associated with the respective cluster;

identifying, by a computing device, one of the plurality of
clusters having a most recent timestamp;

for clusters other than the one of the plurality of clusters,

determining, by a computing device, whether the times-
tamp range associated with the one of the plurality of
clusters overlaps with the timestamp ranges associated
with the other clusters; and

based on the determination, publishing a position associ-

ated with the one of the plurality of clusters as the posi-
tion of the beacon.

9. The method of claim 8, wherein based on the determi-
nation that the timestamp range overlaps, the published posi-
tion represents a most recent position of the beacon, and
further comprising designating the beacon as a moving bea-
con.

10. The method of claim 8, wherein based on the determi-
nation that the timestamp range does not overlap, the pub-
lished position represents a current position of the beacon,
and further comprising designating the beacon as a moved
beacon.

11. The method of claim 8, further comprising associating
a threshold time with the beacon.

12. The method of claim 11, wherein one or more of the
plurality of positioned observations are excluded, from being
grouped into the plurality of clusters, based on the threshold
time.

13. The method of claim 11, wherein each timestamp asso-
ciated with the positioned observations is later than or equal
to the threshold time.

14. The method of claim 8, wherein the plurality of posi-
tioned observations comprise crowd-sourced records each
identifying one or more beacons observed by one of a plural-
ity of computing devices.

15. The method of claim 8, wherein publishing the position
comprises publishing a three-dimensional position of the bea-
con.
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16. The method of claim 8, wherein the spatial distance is determine a revised three-dimensional position for the bea-
based on a type or signal strength of the beacon. con based on the positioned observations corresponding
17. The method of claim 8, wherein said grouping, said to the selected cluster.
identifying, and 5 aid det.ermlmng are performed periodically. 19. The computing device of claim 18, wherein the proces-
18. A computing device comprising: 5 . .
. . . . sor is further configured to:
a memory area storing a plurality of three-dimensional ) ) )
positioned observations for a beacon; and ad]l}st the threshold.tlme foF the beacor} ‘pased onan earhest
a processor configured to: timestamp associated with the positioned observations
select, from the plurality of three-dimensional positioned corresponding to the selected cluster; and
obsewgtlons for .the beacon, one Or more .Of the t.hree- 10 remove from subsequent consideration the positioned
dimensional positioned observations having a times- observations having timestamps earlier than adjusted
tamp later than or equal to a threshold time associated threshold time.

with the beacon;
group the selected three-dimensional positioned obser-
vations into a plurality of clusters based at least on a
spatial distance;
select one of the plurality of clusters based on the times-
tamps; and L

20. The computing device of claim 18, wherein the spatial

distance includes elevation, and the revised three-dimen-

15 sional position for the beacon includes a change in at least an
altitude value for the beacon.



